Abstract: At present, several scores have been developed to assess the risk of acute kidney injury (AKI) after cardiac surgery, and every score represents a compromise between the completeness of the factors and the early evaluation of the AKI risk. This study examined whether the predictive reliability of an AKI risk score can be significantly improved by applying not only preoperative risk factors but also intraoperative and postoperative parameters for the calculation of the score. Materials and methods: Three scores were deduced from the data of 662 patients undergoing cardiac surgery; these were based on preoperative (score 1), pre-and intraoperative (score 2) or on pre-, intra-and postoperative parameters (score 3). Sensitivity and specificity for the prediction of an AKI were determined from a validation population comprising 529 additional patients. Results: AKI occurred in 455 patients (38.2%). Sensitivity and specificity of the scores were 60.9% and 67.6% (score 1), 60.4% and 68.2% (score 2) and 66.8% and 64.8% (score 3). Conclusion:
Introduction and objective
Acute kidney injury (AKI) represents a common complication after cardiac surgery, occurring in approximately 5% to 20% of these cases [1, 2] . Since the risk, injury, failure, loss, end-stage renal disease (RIFLE) criteria were developed in 2004 [3] and were improved upon with the Acute Kidney Injury Network (AKIN) criteria in 2007 [4] , patients with AKI can be identified and classified substantially more objectively than with the use of traditional criteria (e.g., the use of renal replacement therapy).
The efficacy of various treatment strategies for avoiding, at least in part, an AKI has been explored in numerous clinical studies [5] . However, the specific application of those measures to patients carrying such risk requires the identification of those eminently exposed to AKI as early as possible. For this reason and purposes of general risk stratification, various predictive scores have been developed. On the basis of those scores, the risk of a postoperative acute renal failure after cardiac surgery can be evaluated [6] [7] [8] [9] [10] .
The majority of the scores are based solely on patient-specific (i.e., preoperatively confirmed) risk factors. Therefore, it is possible to stratify the AKI risk preoperatively so that the design of the perioperative therapy can be appropriately optimised. However, because not only patient-specific risk factors but also intraoperative and postoperative noxae can contribute to the emergence of an AKI, preoperatively calculated scores might not encompass all the relevant risk factors for an AKI.
This study explores whether the predictive significance of a score can be improved for the stratification of AKI risk when not only the preoperatively known risk factors but also the intraoperative and postoperative data are included. For this purpose, we developed three different scores based on data from an evaluation population: score 1 (based solely on preoperative data), score 2 (based on preoperative and intraoperative data) and score 3 (based on preoperative, intraoperative and postoperative data). The predictive significance of all three scores was assessed on a separate validation population.
Materials and methods:

Patients
This retrospective study was based on anonymised data from a total of 1560 patients who were treated in the operative intensive care unit of the University Hospital of Göttingen after cardiac surgery. Data of the evaluation population were collected between January 2004 and January 2005, whereas the patients in the validation population were treated between February 2005 and April 2006. According to the Data Protection Directive of the University of Göttingen, this anonymised analysis did not require permission from the ethics committee. The parameters were defined on the basis of the electronic patient records as well as by an analysis of the archived patient charts. Because of missing data, only 1191 cases were suitable for statistical analysis.
Acute renal damage was diagnosed and classified according to the AKIN criteria [4] based on the serum creatinine course and the hourly diuresis; all patients were assigned to either group AKI 0 or AKI 1-3.
Statistical Procedures
Evaluation
The centrepiece of the statistical analysis was the development of three different prognostic scores. In accordance with the general practice, this procedure was built from a monovariate analysis, followed by a multivariate analysis and calculation of score points from regression coefficients. Toll and coworkers described this commonly used approach in a review [11] .
In particular, the scores were developed on the basis of 662 datasets from the evaluation population. Statistical analysis was performed for 27 preoperative, 8 intraoperative and 7 postoperative factors for which a possible connection with an AKI was suspected. The individual parameters are summarised in Table 1 .
First, each parameter was investigated with an univariate analysis for different distributions in the two outcome groups AKI 0 and AKI 1-3. Therefore, the Kolmogorov-Smirnov test was applied to test for a normal distribution. If a normal distribution was found, the unpaired t test was used to investigate different distributions; otherwise, the comparison was performed with the Mann-Whitney test.
Next, all parameters with significantly different distributions in the two outcome groups were subjected to multivariate analysis by logistic regression to assess their independent influence on the occurrence of an AKI. All parameters were entered into the model in a conditional "forward" mode as well as in a non-conditional "stepwise" mode. Three separate logistic regressions were performed, which took into consideration preoperative risk factors, pre-and intraoperative risk factors or pre-, intra-and postoperative risk factors. The overall model fit statistic was assessed with the Likelihood Ratio Test.
As all risk factors should flow into the logistic regression in a categorical way (i.e., "present" or "not present"), continuous magnitudes had to be dichotomised based on a suitable limiting value. Therefore, continuous parameters were subject to receiver operating characteristic (ROC) analysis, and the value with the best sensitivity and specificity was chosen as the cut-off value for dichotomisation.
After each logistic regression, a score was generated from those risk factors that showed an independent influence on the occurrence of AKI. To account for the possibility of different weights of the risk factors, individual score points were calculated for each of them. According to the method of Thakar [9] , the regression coefficients (derived from logistic regression) were multiplied by 2, and the result was rounded to the next integral value.
For each score, the spectrum of possible values was divided into four risk groups (e.g., score 1, with a range from 0-8 points, was clustered into the groups 0-1, 2-3, 4-5 and >5 points). For all risk groups, the incidence of AKI (including the 95% confidence interval [CI]) was calculated.
Validation
Finally, the predictive significance of all three scores regarding the occurrence of an AKI was determined in a validation set of 529 patients.
The observed incidence of AKI within the aforementioned risk groups was calculated and compared with the 95%CI derived from the evaluation group. Then, the specificity and sensitivity for the prediction of AKI at various cut-off-values were calculated. The three scores were subsequently compared with the resulting area under the curve (AUC) values from the ROC curve. (continued on the next page) 3. Results:
Patients and surgery data
The evaluation population consisted of 662 patients (444 males and 218 females). The median age was 69 years (IQR: 63-75 years). The procedures were aortocoronary bypass (coronary artery bypass graft [CABG] , n = 378), valvular surgery (n = 140) or both (CABG and valvular surgery; n = 120), in addition to other surgeries (n = 24). The validation population consisted of 529 patients (357 males and 172 females). The median age was 69 years (IQR: 63-75 years). The procedures were CABG (n = 323), valvular surgery (n = 110) and combined CABG and valvular surgery (n = 96).
Incidence of AKI
Within the overall study population of 1191 patients, 455 had an AKI during the first five postoperative days (38.2 %). The same percentages of AKI were observed in the evaluation group (253 out of 662 patients) and in the validation group (202 out of 529 patients).
The observed incidence of AKI within the validation group showed a remarkable consistency with the predicted incidence derived from the evaluation group (Figures 1-3) . For all scores, the AKI incidence increased continuously with increasing score.
Univariate analysis (evaluation group)
Twenty-four out of the total 42 univariately explored parameters showed a significantly varied distribution between the groups AKI 0 and AKI 1-3 (14 preoperative risk factors, 4 intraoperative risk factors and 6 postoperative risk factors). Table 1 shows the complete list of parameters and their distributions within these two patient groups.
Multivariate analysis (evaluation group)
Logistic regression with only the 14 preoperative risk factors showed an independent influence on the incurrence of an AKI for the following 5 parameters: These results were identical when data were entered in the forward and stepwise modes.
Logistic regression with the 18 pre-and intraoperative risk factors showed an independent influence on the occurrence of an AKI for the following 8 parameters: Table 1 . Pre-, intra-and postoperative risk factors and their values in the groups AKI 0 und AKI 1-3 in the evaluation population.
• BMI > 27 (1 point)
• Aortic cross clamp time > 114 minutes (1 point) • Intraoperative transfusion of more than 3 units of packed red cells (1 point)
• Intraoperative haemofiltration (1 point) These results also were identical when data were entered in the forward and stepwise modes.
Logistic regression with the 24 pre-, intra-and postoperative risk factors showed different results depending on the data-entering mode. To avoid any misapplication of non-independent risk factors, we used the results of the stepwise mode, which revealed the lowest number of independent risk factors. With use of this data-entering mode, the following 9 parameters showed an independent influence on the incurrence of an AKI: The Likelihood Ratio Test revealed a high goodnessof-fit (p < 0.0001) for all performed logistic regressions.
Validation of the three scores
After evaluation, all three scores were validated in a separate patient population consisting of 529 cases. Score 1 showed the best discriminatory power at a cutoff-value of > 2 points. With use of this criterion, the score achieved a sensitivity of 60.9% (95% CI: 53.8%-67.7%) and a specificity of 67.6% (95% CI: 62.2%-72.6%). The AUC was 0.691 (95% CI: 0.650-0.731).
The validation of score 2 resulted in a sensitivity of 60.4% (95% CI: 53.3%-67.2%) and a specificity of 68.2% (95% CI: 62.8%-73.2%) at a cut-off-value of > 3 points. The AUC was 0.694 (95% CI: 0.653-0.733), which was not statistically significant from the AUC of score 1 (p = 0.93).
The ROC analysis of score 3 showed a sensitivity of 66.8% (95% CI: 59.9%-73.3%) and a specificity of 64.8% (95% CI: 59.4%-70.0%), when a cut-off value of > 4 points was used. The AUC was 0.729 (95% CI: 0.689-0.766), which was not significantly higher than the AUC of score 1 (p = 0.25) and the AUC of score 2 (p = 0.29). Table 2 . Composition, sensitivity and specificity of the three scores
All three scores and the results of the ROC analyses are summarised in Table 2 
Discussion
Acute disorders of kidney function represent a common complication after cardiac surgery; besides conferring an increased mortality, they extend the length of stay and cause a notable increase in therapeutic costs [12] [13] [14] . In 2010, the effectiveness of numerous medical measures in the prevention and therapy of these disorders after cardiac surgery was explored by Park et al. in a large meta-analysis [5] . However, not all measures showing an evidence-based benefit for kidney function can be applied unselectively to all patients undergoing cardiac surgery; the identification of patients with an increased AKI risk plays an important role. At the same time, AKI risk should be assessed as early as possible because several strategies to prevent AKI must be implemented pre-or intraoperatively, including surgical off-pump techniques [15] , short perfusion time during cardiopulmonary bypass [16] , intraoperative avoidance of low haematocrit levels [17] and optimisation of the arterial oxygen supply [18] .
An inherent characteristic of every predictive score is that the composition of the incorporated parameters accounts for the compromise between the earliest possible applicability and predictive power (i.e., sensitivity and specificity). To our knowledge, no clinical study has focused on this coherence, a gap that our systematic investigation helps to close.
Our results demonstrate that the accuracy of a predictive score (measured by sensitivity, specificity and AUC values) does not increase significantly when the spectrum of risk factors is expanded to include intra-and postoperative parameters. This consideration probably contributes to the fact that four of the five established scores for estimating the AKI risk are based on the analysis of preoperatively known risk factors [6, 7, 9, 10] . However, despite being limited to preoperative parameters, Thakar and coworkers have devised a way to account for the role of an intraoperative risk factor in the development of AKI [9] . Their score takes the preoperatively determinable criterion "recurrent procedure" as a surrogate parameter for extended perfusion time during cardiopulmonary bypass, which is regularly prolonged during recurrent procedures and has a verified influence on the incurrence of an AKI [19] . Therefore, at least one intraoperative risk factor can be indirectly described by a preoperatively known parameter.
Only one score includes a number of intra-and postoperative parameters: the acute kidney injury following cardiac surgery (AKICS) score, which was developed and published by Palomba et al. in 2007 , integrates parameters such as perfusion time during cardiopulmonary bypass, postoperative central venous pressure and postoperative low cardiac output syndrome [8] . Although this score was evaluated and validated in a comparatively small patient group (603 and 215 patients, respectively), the ROC analysis of the sensitivity and specificity of the AKICS score revealed an AUC of 0.847, which, in principle, is superior to the results of scores that are based only on preoperative parameters. However, the comparability of these results is clearly limited by the fact that the definitions of AKI are heterogeneous. Whereas Palomba et al. defined AKI as an increase of serum creatinine of 50% or a serum creatinine concentration above 2.0 mg/dl (which is close to the criterion used in AKI1), the other authors defined AKI as a GFR < 30 ml/min [6] or the initiation of renal replacement therapy (RRT) [7, 9, 10] . In particular, the latter criterion lacks objectivity because only a few mandatory indications exist to start renal replacement therapy (RRT) immediately, whereas in the majority of patients with impaired renal function a considerable margin of discretion exists to initiate RRT either earlier or later [20, 21] .
With regard to the postoperative components of a score, an important question is whether parameters associated with the occurrence of an AKI are real risk factors in terms of noxae or, rather, are indicators of an acute kidney injury that has already taken place. The postoperative parameters included in the AKICS score are low cardiac output syndrome and a central venous pressure > 14 mm Hg. These can be considered risk factors in the classic sense because impaired haemodynamics can play an important role in the genesis of AKI [22] . In contrast, Zappitelli and coworkers reported that even a slight perioperative increase in serum creatinine is associated with AKI [23] , which probably does not elicit an AKI but, more likely, indicates an already present AKI. In accordance with these results, increased serum creatinine at admission to an intensive care unit is a postoperative parameter associated with a higher incidence of AKI in our study. Besides the fact that the integration of this parameter into the score did not improve its ability to identify patients with AKI significantly, its "prognostic" nature has to be challenged, especially when creatinine-based definitions for AKI are used.
Strengths of the Study
In this study the patients with and without AKI were differentiated on the basis of the AKIN classification. This endpoint complies with current recommendations and allows for a maximally objective identification of patients with a recent AKI and for a comparison of the different scoring systems.
Weaknesses of the Study
The two patient populations of the current study are relatively small in comparison to other studies that have evaluated and validated AKI predictive scores. This shortcoming is also reflected in the fact that the multivariate analyses yielded partially different results from, for instance, Metha et al. [7] and Thakar et al. [9] . Also, even score 3 (which showed the best diagnostic performance) achieves a similar discriminatory power by means of the AUC similar to the score developed by Brown [6] , but falls short of the scores of Thakar and Palomba. For that reason, the resulting scores have a somewhat arbitrary character and cannot be considered complete. Therefore, the significance of this study is limited to the coherence between the compilation of the analysed risk factors and the predictive power of each score.
Conclusion
Scoring systems based solely on preoperative parameters show a satisfactory prognostic validity regarding the stratification of AKI risk. With incorporation of intraoperative and postoperative risk factors into a score, the sensitivity and specificity in identifying patients with an AKI after cardiac surgery did not increase significantly in our study population. Because the integration of such risk factors generally carries the disadvantage that the individual score of a patient can be calculated only postoperatively, the use of scoring systems that consist only of preoperative risk factors seems to be advisable.
